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SUMMARY

In this report an ultrafast electro-optic sampling system suitable for applications such as
device characterisation is described. The aperture time of the sampler is calculated to be
about 290 fs, implying an attainable device bandwidth in excess of 300 GHz. The sampler
was characterised using a test pulse with approximately 12 GHz of frequency content, and
the results compared to those obtained from an 18 GHz digital sampling oscilloscope.
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1 INTRODUCTION

It is becoming increasingly difficult for electronic technology to adequately cover the full
electromagnetic environment that is of interest to communications countermeasures. Apart
from the traditional HF spectrum, developments such as modern millimetre wave

technologies, spread-spectrum techniques such as frequency hopping and discrete sequence are
driving surveillance receivers towards large bandwidths. Commensurate with this is the
fundamental requirement for instrumentation capable of efficiently and accurately
characterising the electronic components and materials required by the expanding signal
environment. In this report, an electro-optic ultrafast sampling system is described [I]. The
system as demonstrated is, in its most basic form, a jitter-free 300 GHz bandwidth sampling
oscilloscope. The fact that the system is jitter-free means that the Fourier transform of the
signal contains accurate phase information over the full 300 GHz band and as such the
demonstrator has the capability of a 300 GHz vector network analyser.

In section 2 a brief discussion of the ultrafast laser system is given. The two broad categories

of sampling problems to which the research may be applied are defined. In section 3, the
experimental set-up is described and in section 4 the results discussed. Finally, in section 5
applications of the technique and future research directions are summarised. Details of the
theory of operation of the optical modulator are given in Appendix A.

2 FEMTOSECOND LASERS AND ULTRAFAST SAMPLING

The ultrafast laser system used in this work is a commercially available tunable dye laser
pumped by a neodynium:YAG (Nd:YAG) solid state laser (YAG is an acronym for yttrium,
aluminium and garnet). The laser output is tunable over a frequency range determined by the
type of organic dye used as the lasing medium in the dye laser, however in this work the
wavelength is constant at - 648 nm (at the red end of the visible spectrum). Pulses of the order

of 120 femtoseconds (Ifs = 10- 15 s) at a repetition rate of 76 MHz are produced with a typical
average beam power of 200 mW (19 kW peak pulse power). Pulses from ultrafast lasers based
on similar general principles have achieved pulse widths of 6 fs [21 and as such represent the
fastest controlled man-made phenomena in the world today.

When addresing the attainable bandwidths of competing technologies, it is against such
timescales that the performance of particular sampling architectures must be measured.

It is useful to separate the sampling applications of ultrafast lasers into two broad categories.
These are essentially "instrumental" applications and "one-shot" applications.

In the case of "instrumental" applications, the system is being used as an ultra-wide

bandwidth oscilloscope or spectrum analyser. Thus the electrical signal being analysed is
triggered repetitively by an optical pulse and then probed by an optical pulse. Both the

UNCLASSIFIED
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trigger pulse and probe pulse are initially denved from the same input pulse via a simple
beamsplitting arrangement. The response at a given time instant (as sampled by the probe
pulse) is averaged over miltions of samples to obtain an acceptable signal, and then the probe

pulse is delayed to a later time At and the process is repeated. In this way the waveform is
gradually reconstructed in a similar manner to that in which most multi-gigahertz digital

sampling oscilloscopes operate. An important consequence of the optical technique is that
there is no contribution to measurement litter from the measuring system itself, in contrast to

electronic technology.

The 'one-shot" application is much more difficult. In this case the pulse is used simply to

construct an ultrafast optoelectronic sampling gate with a sampling rate of 76 MHz. The
electrical signal is not repetitive, nor generated or triggered by the optical system. The
reason for going to femtosecond aperture times is demonstrated by considering the aperture
time constraint for analogue-to-digital conversion [31

t< (I)
2 !' rB

or

T < 1 (2)

where t is the aperture time

n is the number of bits in the digitiser

DR is the dynamic range

B ;s the signal bandwidth.

If very high dynamic range and/or wide bandwidths are required, then the aperture times

rapidly become sub-picosecond. As an example, if it is required to digitise a 100 MHz

bandwidth and retain a 70 dB dynamic range, Equation (2) gives t _ ips. Any requirement for
greater bandwidth or higher dynamic range constrains the aperture time to the femtosecond

regime. Implementation of a "one-shot" sampling system that is capable of achieving large

dynamic range is a much harder goal than the "instrumental" application, however it is the
ultimate aim of the research. ,his report deals with our first attempt at ultrafast

electro-optic sampling and details the construction of a sampler suitable for "instrumental"

applications.

3 ELECTRO-OPTIC SAMPLING SYSTEM

3.1 The Electro-Optic Modulator

3.1.1 Basics of Operation
The basis of the sampling system is the electro-optic modulator, a schematic

of which is shown in Figure 1. The electrical signal to be sampled is launched
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onto coplanar stripline (CPS) which is deposited onto an electro-,)ptic

substrate - in this case the crystal lithium tantalate (LiTaO 3 ). The electric

field penetrating the substrate between the coplanar strips induces in a

change in the refractive index of the crystal, which in turn will alter the

polarisation state of laser light passing through the crystal. As detailed in

Appendix A, the addition of a 45' polariser before the modulator, along witl-

a Soleil-Babinet compensator and crossed polariser after the modulator,

results in a transmitted laser intensity which varies approximately linearly

with the electrical signal. Thus, the characteristics of the electrical signal

propagating along the CPS are reproduced as intensity variations of the lafer

beam.

electrical
signal In

LiTaO 3

substrate

coplanar . analyser
stripline

compensator

,electric fieldultrafast ^, In substrate

pulse •polariser

Figure I Basis of the electro-optic sampler. The arrows indicate the evolution of the

polarisation state of the laser probe.
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3.1.2 Construction Details
The unpolished LiTaO 3 crystal used as the electro-optic substrate was

purchased from Crystal Technology Inc. The sample measured
1 mm(x) x 12.8 mm(y) x 25.4 mm(z), where x, v and z refer to the

crystallographic axes. The crystal was polished by the Adelaide-based
company Jung Precision Optics.

Gold coplanar stripline (CPS) electrodes 50 4m wide with a gap of 50 pm
were deposited along the y direction of the crystal so that the field between

the CPS was directed along the z crystal axis. Using closed-form

expressions [4, 51 the calculated impedance of the structure was 51 Q.

A launch structure was fabricated to launch the electrical RF signal from the
coaxial feed cable onto the CPS with minimal electrical mismatch and

mechanical stress (since the crvstal is easily damaged). The launcher
incorporates a Cascade Microtech EL26 adaptor to launch from coax to

coplanar waveguide (CPW). A constant-impedance taper is then used to

transform the CPW to CPS- The taper was fabricated using planar techniques
on a 12.7 mm wide, 635 utm thick alumina substrate. The launch substrate was
mounted alongside the crystal on a brass carrier block with electrical

connection being made by bond wires. A second "reverse" output launch
substrate was mounted on the other side of the crystal to make transmission
measurements possible. A hole was machined through the carrier under the
middle region of the crystal to leave a path for the laser. The carrier block

also provided holes for attaching the EL26 adaptors.

The 25.4 mm length of the crystal allowed for several launch designs
(including some with resistive terminations) to be tested side-by-side and to

provide redundancy. Figure 2 shows an overlay outline plot of the art work

for the two launch substrates and the crystal. The designs were essentially
combinations of single and double sided taper to transform from the CPW

mode to the CPS mode required by the sampler. The results given in this
report are those obtained using the two-sided taper design with no resistive

termination.

The electrode design and layout were undertaken by

Electronic Warfare Division (DSTO), with the electrode fabrication and
bonding being performed by Microelectronics Section (DSTO).
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I-SIOEM TAPER

ALUM4INA LiTa03 ALLUMINA

INPUT LAUNCH SUESTRATE IVC.JLATCR SUBSTRATE OJTPUT LAUNCH SUSSTPATE

THIN FiLM P£SISTMA

12. 7.. t 2. Em 2 7w -

2-SIOED TAPER

Figure 2 Outline plot of the coplanar electrode structures. The two-sided taper design
was used for the work reported in this document

3.2 Optical Layout
A schematic of the experimental layout is shown in Figure 3. An incoming 120 fs

duration optical pulse is split hito a trigger pulse and a probe pulse. The trigger pulse is
used to trigger the ultrafast electrical signal, which in this experiment was obtained
originally as the impulse response of a fast photodiode (photodiode DI in Figure 3).
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Figure 3 Experimental layout
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The probe pulse is delayed via a 2 mim risolution variable delay line and brought to an

-18i urn diameter focus between the CPS carrying the electrical signal. T•Y' delay i•
initially adjusted so that the probe pulse arrives at the LiTaO-, 'ampler a few ten. ot

picoseconds prior to the triggered electrical signal. The computer controlled variable

delay can then be increased in a stepwise manner, which results in the probe pulse

':canning' the electrical waveform. At each step many milhons ot samples are

averaged (as described in section 3.4) to obtain a good signal-to-noise ratio. Since the

trigger pulse and probe pulse are originally derived from the same optical pulse, and

the delay is determined by the physical propagation path followed bv the probe.

exactly the same point on the electrical waveform is sampled at each ginen step of the

variable delay. This has the important c,,asequence that the sampling process is

essentially jitter-free, and thus the Fourier transform of the sampled signal vill

contain accurate phase information acroms the full bandwidth. The very small amount

of jitter that does exist is determined by the vibration of the beam steering mirrors on

the optical bench. As an example of how small this contribution is, a mirror surface in

the delay path would have to move -15 I.rm to result in a timing jitter of :l1) ts

Motion of :15 um is quite a large excursion for a solid optical component mounted on a

vibration-isolated optical bench.

The following list details the optical components shown in Figure 3 and their role in

the experiment:

AI, A2 iris diaphragm apertures - define the height and alignment of the incoming

optical beam. This minimises daily re-aligmment of the optical layout.

B variable circular beamsplitter - allows variable ratio of trigger pulse

intensity to probe pulse intensity.

C chopper wheel - provides a modulation for the lock-in amplifier. This is

described fully in section 3.4.

DI 40 ps rise time fast photodiode.

D2, D3  general purpose photodiodes.

EO LiTaO 3 electro-optic modulator.

L1 focussing lens to ensure small laser beamwidth at chopper (to get a clean

square wave), and to get efficient coupling of the laser onto the fast
photodiode.

L2 , L3  beam handling lenses to minimise beam divergence.

L4, L5  beam expanding lenses to allow final focussing to - 18 jmn.

UNCLASSIFIED 7
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Lt- L7 focussing and re-collimating lenses.

.ong (250 mm) focal length lens to focus beamonto d:etctorsL 2and',L.

P1, P-2  Glan-Thompson polarising beamsplitters.

SBC Soleil-Babinet compensator - to remove LiTaO 3 birefinngence and produceý

quarter-wave retardation between the verticdl and horizontal polarniation

components of the laser beam (as discussed in Appendix A),

3.3 Generating the test signal
As noted in Section 3.1, the electrical test signal used in this demonstrator was derived

from the impulse response of an Opto-Electronics Inc PDi5 fast photodiode. This signal,

as recorded by an 18 GHz bandwidth HP54120B digital sampling oscilloscope, is shown

in Figure 4. The rise time of the pulse is approximately 17 ps and the width is about
74 ps. Initially, this pulse was launched directly across the LiTaO3A modulator

-- ---- .. .,ir ------- ----- -- - ----. . . . . . . .. .

_. . . . . ./ _ _ L . . • . . . . . . . . .

Functio•], - S.409 mVolts/d1v rffot - 16. 20 mVoIt6
7 1m a c s o 1 ̂ . 0 p a7/d iv C I a . 2 9 4 0 r ' &
Funcl P 1r0m0t/r d Rise Tima - 37.4 P* Width - 74.0 Ps
Fall Timn - 64 2 Preshoot - 2.173 Z Overphoot - 00 '
P-P Volts - 23.836 J.alt.

Figure 4 Impulse response of the PD15 fast photodiode
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e.perin•ent was being ortimrwed, ,akd aJ'. '.t.ch the pulse Tievied to !e jj)phfWL1vd Ibte
ol,;v amplifier readily available was a Watkinp-lohnson ýV,•-t)'eý4- -24, 12 GI
.30 dB gain bandpass amplifier. [1ue result f .amphtfing the phlo'dt de output puke

of Figure 4 with this amplifier is demonstrated in Figure 5 Whil, this tinai pukse h.,

>ignificant ringing structure lasting over 7AX) picosetconds., the peak-to-vallei, !..acing ot

the significant features o4 the leading tcg. Or the signal still oCcur on a tirescale of

about 30) ps, and as such it is no worse a test signal than the original pulse In tact, the

final pulse is significantly more interesting since comparison (it the actual shape ot the

various features as measured by the lVS GHz oscilloscope and the el ctro-optic technique
will give some qualitative indication kt the effect of timing litter on determining the

true si>.3al shape.

_ _ • , _ _• . . . . . . . .. .. -_' . . . . . . .. . . .. . . . . . . .. . . .. . . . .._

71motcso CcO pa/d I v DCov -5Z8, 560 noMemory 1 - 30.62 mVo0to/div cf""iat - 2, 580 mVoitl
7 o - 2'= . c/div co¥ . 665. 704 no
Stcrt " ce. 1 n3 Stop 508.617 no CQitb 7 . 105. B Ps

Figure 5 Effect of the 5-12 GHz bandpass amplifier on the pulse shown in Figure 4
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As described in Section 3.1.2, the test signal was coupled onto Gie launching structures of

the modulator via EL26 adaptors. From these the mode structure of the pulse evolves

into a quasi-TEM mode which propagates across the modulator and then on to the

IS GHz oscilloscope via the reverse arrangement to that used to launch the signal. All

cabling connecting the photodiode, amplifier, modulator and oscilloscope was rated to

26 GHz and caused no measurable dispersion of the pulse shown in Figure 4.

3.4 Detection System
The change in refractive index of the LiTaO 3 crystal due to the electrical signal is

expected to be extremely small. For our samples, a IV amplitude would lead to a

change of the order of only -10-6 in the refractive index. Thus, a lock-in detection

system must be used to detect the signal.

The chopper shown in Figure 3 chops the triggering pulse train at a known frequency

(typicallv 1.48 kHz), and provides a reference signal at the same frequency to a PARC

5301A lock-in amplifier. Since the electrical signal is being chopped, a corresponding

modulation will appear on the optical pulses sampling the refractive index variation
of the LiTaO3 substrate. The signal current from detectors D2 and D3 are separately

pre-amplified by UDTI01C transimpedance amplifiers (not shown in Figure 3) and then

differentially detected by a PARC 5316 differential pre-amplifier, with the

differential output providing the signal to the lock-in.

Differential detection allows a simultaneous removal of spurious noise and a doubling

of the detected signal voltage i.e. a 6 '3 increase in detected signal power.

The lock-in amplifier has selectable time constants which allow signal averaging from

1 ms to 100 s. For this work exponentially weighted averaging using time constants

ranging from 300 ms to 30 sec were employed.

4 EXPERIMENTAL RESULTS

4.1 Electrical Characterisation of the Modulator Design

The microwave performance of the assembled sampler was characterised over a 20 GHz
bandwidth using a Wiltron 360 Vector Network Analyser. The S-parameters

magnitude versus frequency plots are shown in Figure 6. These results are for the
2-sided taper design, although it was only marginally better than the 1-sided taper
design. The S21 transmission coefficient indicates the network has an average of 10 dB

loss across the band and the S1 I reflection coefficient shows a return loss of 15 dB.

As indicated by a low value of S11 there was minimal reflected power (some 3%) from

the terminals of the assembled sampler (SI1 only indicates what is reflected at the

measurement terminals) so a good match was provided to the external setup,

10 UNCLASSIFIED
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360 NETWORK ANALYZER

MOOEL: OATE:
CEVICE: OPERATOR:

START: 0.0400 GHz GATE START: ERROR CCRP: :2 - 7ERM
STOP: 20.0000 GHZ GATE STOP: AVERAGrING: 1.PTS
STEP: 0.1±200 GHZ GATE: IF 6NOW4OTH: REDUCED

WINOOW:

REFLECTION COEFFICIENT REVERSE TRANSMISSION

Si LOGM S12 LOGM,
CH

P0O.00006 1O.0O0de/ PO0OOad :0.000CB/ RE. LAINE

>000dBMARKER AT 1 i

0.0400 GHz- 20.0000 0.0400 GHz 20.0000

S21 L-OGM S22 ..OGM-

0000C 1000ods! r-0 0000a 10.00006/

0.0400 GH-z 20.0000 0.0400 0Hz 20.0000

FORWARDO TRANSM4ISSION REFLECTION COEFFICIENT (PORT 2)
(8 dB)

Figure 6 Mficrowave performance of the assembled sampler
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The major sources of loss ol transmission power are not well understood at this stage.

Since power is not reflected at the terminals it must either be absorbed ,within the

network or radiated. A significant portion of the I0 dB loss (at least 3 - 4 dB) can be

attributed to the high resistivity of the modulator and launcher conductors. At the

time of fabrication gold could only be deposited to a thickness of about 0.2 mim which

meant that the conductors had a total resistance (from input to output) of up to 50 Q and

hence high resistive losses. The ripples in the responses tend to indicate that some of

the power is lost into non-TEM modes (high order modes, surface-wave modes etc).

These non-TEM modes can be launched from any of the discontinuities within the

network and are radiated, absorbed or reflected back into the network- There is also

the normal attenuation increase versus frequency that occurs with all types of physical

transmission lines, especially coplanar lines which have current crowding at the edges

of the conductors, resulting in high resistive losses - these effects have not vet been

investigated for this structure.

Another electrical parameter of interest is the dispersion characteristic of the strpline

structures. This was obtained by bypassing the 5 - 12 GHz amplifier and using the

sampling oscilloscope to measure the shape of the electrical pulse from the fast

photodiode, with and without the modulator structure in the propagation path. These

results are shown in Figures 7(a) and 7(b) respectively. As can be seen, the full width of

the pulse at half maximum voltage is essentially unchanged, however, the rise time

has increased from 37 ps to approximately 78 ps, and a significant psuedo-exponential

tail of some 200 ps duration with some ripples is apparent. The increased rise time can

be attributed to dispersion experienced by the pulse as it propagates across the

modulator structure. The long tail is a combination of the effects of dispersion and of

multiple reflections due to impedance mismatches between the couplers, launchers,

bond wires and coplanar stripline sections of the modulator structure.

It is clear that accurate time domain reflectometry (TDR) would give a useful insight

into the above observed performance. Unfortunately, due to dispersion and the high

resistivity of these transmission lines, meaningful TDR has not been possible. In the

future however, with calibration on the Wiltron 360 for coplanar structures (and hence

correction for dispersion) and a re-fabricated sampler with thicker gold lines, it should

be possible to undertake meaningful TDR.

12 UNCLASSIFIED
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__ J~j(a):

100 ps/div

Trace (a): input pulse to e - o sampler

Trace (b): output pulse after sampler (1 my / div)

Figure 7 Demonstration of pulse dispersion due to the sampler. Trace (a) shows the

pulse input to the sampler, trace (b) shows the output pulse.
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4.2 Electro-Optic Sampler Performance

4.2.1 Signal Sampling
The result of electro-optically sampling the first 400 ps of the test signal of

Figure 5 is shown in Figure 8. For comparison, Figure 9 shows the same section

of the signal as measured by the sampling oscilloscope with 128 averages per

point. The data points in Figure 8 correspond to a time between samples of

4 ps and an exponentially weighted, 300 ms integration time on the lockin

detector was used.

ELECTRO-OPTICALLY SAMPLED DATA

20000

10000 o0 o

0 0
0 0

0 0

0 
00

000 0 0 C

0 0 o C
.10000

-20000 ,
0 100 200 300 400

Time (Picoseconds)

Figure 8 The first 400 ps of the test signal shown in Figure 5, obtained by electro-optic

sampling
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The approximate peak separation as measured by the eiectro-optic samphlr is

IS4 ps. This compares well with the estimate from Figure 9 of about 181 pý-

The major differences between the traces are the amount of noise and the

variation in the ratio of the amplitudes of the peaks and troughs of each

trace. The significantly greater signal to noise ratio of the data from the

electro-optic sampler is due to the substantially greater averaging that can be

readily achieved. The fundamental sampling rate of 76 MHz and integration

time of 300 ms implies that an exponentially weighted average of about

23 million samples contribute to each point of the final signal (a factor of 2

arises due to the fact that the optical trigger pulse is being chopped). In the

case of the oscilloscope signal, typically only 128 samples were used.

IS G z OSCILLOSCOPE DATA

- -. vc

:rJ!

: ,,, , i

5to7t I 4, - 'O1. 760 s 0 1.

Figure 9 The first 400 ps of the test signal shown in Figure 5, obtained using the 18 GHz

digital sampling oscilloscope.
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The variation in the ratios of the amplitudes of the vanous features that can
be seen when comparing Figures 8 and 9 has several possible origins. A
definite contribution will arise through the 'smearing' effect of timing jitter
on the oscilloscope signal. The trigger for the oscilloscope was derived from
the signal used to mode-lock the Nd:YAG laser (mode-locking is the process
which results in the Nd:YAG laser producing pulses rather than a constant

beam). This means that the oscilloscope trace is subject to both pulse-to-pulse
jitter due to the laser source and the usual timing jitter associated with its

own electronics. The smearing effect would be expected to be greater for
features of short duration and would result in an overall reduction of the real
amplitudes due to the averaging.

Figure 10 shows a histogram of the timing jitter of the laser pulse as recorded

by the digitising oscilloscope. The histogram was built up over t)0000
samples, and the standard deviation is measured to be 19 ps, most of which is
attributable to pulse-to-pulse jitter associated with the laser system (the
trigger for the digitising oscilloscope is specified to have a standard
deviation litter value of about 2 ps).

In order to check the effect of timing jitter, the signal recorded by the electro-

optic sampler, Figure 8, w-s mathematically "jittered" by generating a
Gaussian distributed randorr 'ime offset with selectable standard deviation.
A cubic spline interpolation routine was then used to estimate the new signal
amplitude at each original data point. A number of such signals (typically
128) were then averaged to generate the "jittered" signal. Finally, a 5%
random noise (roughly equivalent to the noise level observed in Figure 9) was

added to the signal.
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Figure 10 Measurement of the timing jitter associated with the laser pulse and

oscilloscope electronics.
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Figure 11 demonstrates the result of carrying out this simulation using

128 traces and a 19 ps jitter, as suggested by the histogram of Figure 10. It is

apparent that the features are somewhat "washed-out", as is expected, and

the slightly shorter duration features have been slightly more effected than

the slower, final peak. The asymmetric feature near the top of the final peak

(apparent in Figure 8. but not in Figure 9) has also been removed. However.

the variations are not large enough to fully account for dte differences

between Figures 8 and 9.

o = 19ps

128 avera.es

/ /,

1000.0 
A/

/ ., * /

-4000.0

0.0 100.0 200.0 300.0 400.0

Time (ps)

Figure 11 Simulation of the effect of timing jitter and noise. The solid line represents

the orignal electro-optic samples, the dots show the result of subjecting these

samples to Gaussian timing jitter with a = 19 ps and 5% noise.
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A second possible explanation for the different amplitudes lies in the
possibility that the modulator was improperly biased, As demonstrated in
Appendix A, the response of the modulator is in fact sinusoidal, but it should
be optically biased to the linear region at zero volts. If the modulator were
inadvertently biased substantiallv far from the linear region a non-linear

response could result.

This second possibility for the difference between the traces is unlikely, due
to tne large switching voltage of LiTaO 3 , which is - 2 kV (the switching

voltage is the voltage required to induce a phase change of n in the modulator

reponse, as discussed in Appendix A). Since the peak-to-peak voltage
difference is no more than I V, only about 1/2000 of the sinusoidal transfer
function is used. Thus, while being biased in the linear region will be most
efficient (since the derivative is greatest), the very small region of the
transfer function actually used will probably be "sufficiently linear' so that
any non-linear response is negligible. The fact that the modulator is biased
very near to its linear region is also supported by the dynamic range results,
which are discussed in the next section. Furthermore, it would be expected

that the non-linearity be apparent in both oscillations of the signal, and not
just in the final peak. Thus, it is extremely unlikely the transducer non-

linearity is the cause of the observed discrepancy.

Other possible contributions are the effects of dispersion and multiple
reflections between the end of the CPS and the SMA connectors at the output,

which will only alter the signal after the electro-optic measurement, or
simply the possibility of the estimation routines in the digitising oscilloscope

being biased. The former conjectures are the most likely, since in the
transition region of the launcher the propagation mode must evolve from the

CPS mode to the CPW guided mode and then finally to the propagation mode
of the coaxial cable. This process could very well be the main source of

significant dispersion (and loss) in the structure, and as such could account for
the differences in the measured signal.

In order to try to obtain further insight into the discrepancies between the
recorded signals, the Fourier transform of both the electro-optic measurement

and the oscilloscope measurement were calculated and compared. The results
are shown in Figure 12. It is immediately apparent that there appears to

have been an almost "resonant" loss process slightly above the 10 GHz region.

This is the sort of loss that could be due to the transition regions of the
launchers. A comparison of the reflection coefficients of ports 1 and 2 (the

input and output launchers) as recorded by the vector network analyser - as
shown in Figure 6 - suggests that the output launcher is somewhat less well
matched than the input launcher in this region. Thus, it is possible that
while there is good coupling of the input launcher to the sampler in the region

immediately above 10 GHz, there may be loss at the output launcher.
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Figure 12 Comparison of the Fourier transform of the electro-optically bampled signal
with that of the digitally sampled signal.

As discussed in section 4.1, the exact sources of significant dispersion,
reflection and loss can only be determined by careful TDR analysis of the
modulator structure.

4.2.2 Sensitivity, Dynamic Range and Insertion Loss
The ultimate sensitivity of the modulator is a strong function of the amount of
signal averaging performed by the lock-in amplifier. In order to e'.Iiblish
the sensitivity of the device a 1.48 kHz signal from the 'ock-in was used as
the electrical signal applied to the modulator to directly modulate the probe
beam. The resulting optical modulation was detected as a function of
electrical power input to the modulator by the lock-in.

From Figure 6 a worst-case estimate for the sensitivity and insertion loss
across an 18 GHz bandwidth can be inferred to be %bout 10 dBm down from the
values measured at 1.48 kl-lz. In contrast, the dynamic range measurement
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-111 accurately retlect the High trequo'rwv behaviour ,) the device,.n v c
non-linearitv o• the modulator respon-e i> etýent iailv independent tt

frequency.

The results are showr in Figure 13. From the figure the linearttv ý,t the

device response is apparent, which indicates that the modulator ,

accurately biased. -Me data indicate a sensitivity of about -30 dBm input
for which a 30 second integration time was necessary. 7he device wa-

measured to have a linear response in excess of 60 dB, and ,i system insertion

loss of - 64 dL.

-20"

v = - b4.760 + 0.98865x R^2 0.999

-40

-60

-80

-100,
-40 -20 0 20 40

Input Power (dBm)

Figure 1., Characterisation of sampler linearity, sensitivity and insertion loss.
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4.2.3 Aperture Time and Device Bandwidth
T'he act-u,.l aperture time (the time over which the ',amnple is taken) (4 an

ultrafast electro-optic tsampler is g~iven by two distinct centribu~t1ions. !-I,

first is the finite time it takes the sampling pulse to transit the fringing

electrical field while the electrical signal propagates past the sampling

position - as shown in Figure 14a - and the second contribution arises due to tl-e

transit time of the electrical signal across the waist of the laser probe (the

finite width of the probe physically covers a finite signal duration, as Shown
in Figure 14b).

(a)

uoti Itratas

pulseo pls

fiel uafasts
samplsamplingO
~~~pulsesusrt

ulteletrica

contrbutlo duestrate

to physical size
of beam

Figure 14 Contnbutions to the aperture time of the electro-optic sampling process.
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Calculating the dynamic electric field distribution for tk'e CPS configuratlon

is a complex procedure which usually involves finite element or Green >

function techniques. In order to do a simple "worst-case' calculation, a

conformal mapping technique [6] was used to estimate the field distribution of

a IV amplitude static potential applied to semi-infinite electrodes separated

by a 50 .im gap. The result of this calculation is shown in Figure 15. From this

calculation, the field drops to 10% of its maximum at about 4 gap widths, or
200 pam. This corresponds to an interaction time of - 1.4 ps for the transit time

of the pulse through the fringing field.

Conformal Trans. Plot, Semi-infinite Electr.. 50 urn Gap

." -1000

-2000 -£i LiTaO3 substrate

<-3000
>

E

• -4000 Each line represents a doubling in

depth starting from 1/4 x gap width
0 (largest field strength)

-7000-

-8000 ,1,,..... .
0 50 100 150 200 250 300 350 400

Distance from Centre of Gap (microns)

Figure 15 Static calculation of the approximate field distribution between the

electrodes for a 1V static potential.
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T-he second contribution to the total aperture time is the transit time of the

electrical pulse through the beam waist, This quantity was measured by

taking traces of the electrical signal at several positions along the

electro-optic modulator and measuring the average delay of the electrical
signal. From this a propagation velocity of 62.5 I.m/ps wa& measured, which

for an 18 rn beam waist corresponds to an interaction time of 290 fs.

From these measurements it is clear that the aperture time is dominated by

the propagation time of the optical pulse through the fringing field and as

such an estimate for the worst-case aperture time for the device is 1.4 ps.

This aperture time is comparable to that obtainable using superconducting
sampling techniques [71 or non-linear transmission line sampling techniques 181,

which typically attain best performance results of about 2 ps.

A significant improvement can be obtained very easily simply by altering the

interaction geometry such that the sampling pulse enters the crystal at an

angle which ensures that the probe has a ' ?locitv component in the direction

of electrical signal propagation equal to 62.5 p m/ ps. In this

velocity-matched configuration, the probe always 'sees" the same part of the

electrical signal and as such the aperture time is totally determined by the

contribution due to the finite probe beam size. This reduces the aperture time

to 290 fs, a figure which is not attainable by any other technology.

The ultimate bandwidth of the system will be determined by the aperture

time, since the samples can be taken 7 fs apart if desired (due to the 2 ;.m

resolution of the delay line). Since the aperture time is only 300 fs, it can be

argued that the Nyquist frequency of the system is greater than I THz.

However, it is more reasonable to use the criterion that the inverse

bandwidth should ideally be at least an order of magnitude larger than the

aperture time, which nonetheless still implies a device bandwidth easily

exceeding 300GHz. Due to the nature of the sampling process, this is, of

course, not an instantaneous bandwidth.

5 APPLICATIONS AND FUTURE DEVELOPMENT

5.1 Component Characterisation

The particular type of electro-optic sampling system developed in this project is

readily adapted for characterisation of extremely wide band or high frequency

components such as HEMT transistors. A typical arrangement is shown in Figure 16. An

ultrafast electrical pulse is generated by a photoconductive switch. A typical pulse

would be 1-2 ps in duration. The pulse propagates along a small length of LiTaO 3 ,
through the device under test (DUT) arid along a second UTaO3 substrate to a matched

termination.
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matched

triation

trigger pulse ...

S~LiTaO3

ultrafast - •sampling beam

semiconductor
switch

sampling beam

Figure 16 Schematic of the experimental set-up used in electro-optic characterisation of

microwave and millimetre components.

The input and output pulses can be sampled electro-optically in the manner described in

this report. Assuming the DUT has a linear response the output pulse will be the

convolution of the input pulse with the response function of the DUT. Thus the complex

transfer function of the device over several hundred gigahertz is readily determined
using standard deconvolution techniques.

5.2 Materials Characterisation
A very similar experimental technique can be used to determine the complex dielectric

function of new materials which, for example, may be necessary to construct radomes for

extremely wide-band antennas. In this case the end section of the CPS is flared to

produce a stripline antenna structure [9]. This launches the ultrafast electrical pulse
into free space. An identical receiving antenna fabricated on a LiTaO3 substrate is used

to detect the pulse. Dielectric lenses can be used to collimate and re-focus the free-space

UNCLASSIFIED 25



ERL-0673-RR UNCLASSIFIED

impulse to improve the coupling between the structures. The basic lavout is shown in

Figure 17.

I matched

termination

stripline antenna

free-space
terahertz pulse

"/ I1 '

Lia03

ultrafast
semiconductor mpling beam material
switch under test

Figure 17 Schematic of the experimental set-up used in wideband materials
characterisation.
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Having measured the transmission characteristics of the sytem, the materiai to ho

investigated is then simply placed in the path of the pulse. The change mn trAnsm1on

characteristics will then allow the determination of both the real and imaginary party
(if the dielectric function of the material over the full bandwidth of the sampling

system.

This technique is known as COMITS (Coherent Optical Microwave Transient

Spectroscopy) 191. Placing wire polarizers on either side of the :ample also allow,

orientational characterisation of the material.

5.3 Future work
The major component to construct and demonstrate during this work was the modulator

structure. As described in Section 3.3, the signal generated by a fast photodiode wa.,

sufficient to demonstrate the capability of the device. For the applications described

in Sections 5.1 and 5.2 however, an electrical pulse of picosecond or even sub-picosecomnd

duration is required. Thus a program has been initiated to construct t

semiconductor-based, sub-picosecond optoelectronic switch (known as an 'Auston

switch). This project is progressing on two fronts:

(a) MBE growth of low-temperature GaAs

A program, has been undertaken in collaboration with CSIRO Division (,i

Radiophysics, in which GaAs grown at low temperatures (- 200"C) will be

used as a photoconductive substrate to produce a sub-picosecond switch '(

The sample has been supplied and a new lift-off technique is being attempted

in order to lift the 2 nm laver of LT-GaAs.

(b) MOCVD Growth of CdTe directly on iUTaO 3

A program is currently under way in collaboration with Telecom Research

Laboratory. Their MOCVD machine has been used to deposit CdTe directly
onto a LiTaO 3 substrate. The aim of the work is to try to integrate an

optoelectronic switch with the electro-optic substrate. This, of course, can be

achieved directly with GaAs (since GaAs is an electro-optic crystal),

however the sampling pulse has to be in the near infra-red and as such cannot

be used with our laser system as it is presently configured. It has proved

difficult to get the CdTe to bond to the LiTaO3, and so the sample was sent to

ANU to have the CdTe "ion-stitched" to the LiTaO3 substrate. This has been

achieved and the new samples are ready for electrode fabrication by

Microelectronics Section.
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6 CONCLUSIONS

This report details the construction and performance ot an ultrataýt electro-optic -amphnV
-vNtem suitable for instrumental applications, % hich operates in a manner similar to that oi
most mulu-gigahertz digitising oscilloscopes or vector network analvsers.

The s' ystem is predicted to have an aperture time of about 300 fs, which implie. a :ampling

bandwidth easily exceeding 30) GHz for repetitive sampling of periodic --ignals. Other

system parameters were found to be:

(i) an estimated worst-case sensitivimy of -20 dBm (across 0 - 20 Gliz)
ii) an estimated worst-case total system insertion loss of 74 dB ,associated w ith

electrical to optical to electrical conversion by the modulator. photodiode detectors

and lockin amplifier)

0ii) a dynamic range in excess of H) dB.

The modulator itself was measured to have a 10 dB forward transmission loss, % hich appears

to be mainly attributable to losses associated with the transitions between the various
propagation modes necessary to get the signal onto and off the modulator. The modal

evolution is also probably the major source of pulse dispersion.

Comparison of the electro-optically sampled version of a test signal with that obtained uing

an 18 GHz sampling oscilloscope demonstrated the superior signal to noise ratio attainable
with the electro-optic technique. Minor discrepancies between the ratios of various features

in the test signal as recorded by the two techniques are tentatively attributable to the

combined effects of:

(i) significant dispersion and multiple reflections of the test signal as it propagates ott

the modulator structure, due to the transition from a coplanar stripline mode to a

coplanar waveguide mode to a coaxial mode. This will alter the signal recorded by

the oscilloscope; and

(it) the effect of approximately 20 ps of timing litter to which the oscilloscope is subject

but the electro-optic system is not.

Finally, in Section 5 some applications for the system were outlined, along with a brief

summary of current collaborative research involving Telecom Research Laborator,, the

Australian National University and the CSIRO Division of Radiophysics.
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APPENDIX A

PRINCIPALS OF OPERATION OF THE ELECTRO-OPTIC MODULATOR

In this appendix the basic theory of operation of the electro-optic modulator is derived.

Under the influence of an electric field some materials exhibit a change in their refractive

index which is linearly proportional to the applied field - a phenomenon known as the

linear electro-optic effect.

If xl, x-7 and x3 define the principal axes of such a crystal, with associated refractive indices

nl, n) and n3 , then the general index ellipsoid under the influence of the applied field can be

written in the form 1111

-1-+X!+ + M= (Al)
nr n' n)

where

r 1I r! 2 r1 3

El
M Xj,X~~2,X21X,)X,2xjxi,2xjx2 ] E A2)

r 61  r6 2  r6,

and the Ei represent the components of the applied field.

For LiTaO 3 ,

n =r,2 = no= 2.173 at648 nrn
m = ne = 2.177 at 688 nm

r~j = r42 = 20.0 x 10/V2 miV
rl3=r3 = 7.0 x 10'2 m/V
rn = 303 x 10' m/V

with all other rij = 0. The rij represent the electro-optic tensor coefficients which describe

the variation in the refractive index of the crystal as a function of applied electric field.

The coplanar stripline configuration creates a field such that only E3 is non-zero. In this case

Equation (Al) can be written

xj + xi + _•_= (A3)
,2 ,2 ,2

n 0 no rte
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where
%v e en' , =- n, 1, 2 rA 4)

(1 + r13 rM' E-' 2

n'. E (I n, 1 2fA5)

(1 + r3 3 n2 E3)/ 2

From the form of Equations (A4) and (AS) it is apparent that the general form for the change

in the refractive index can be written

An -r n 3 E- (A6)2

where r=rl 3 when n=nf.), and r=r 3 3 when n=ne. Since E3 is time dependent, both the ordinary

and extraordinary components of the crystal refractive index will reflect varlations in the

amplitude of the electrical signal.

In order to clarify the process of converting the refractive index variation into an intensity

variation of an optical beam penetrating the crystal it is useful to employ a lones matrix

formalism 111). In this case the two coordinate axes for the calculation are defined to be

parallel and orthogonal to the polarisation of the input laser beam, and the electric field is

normalised to unity.

An analysis of the optical arrangement shown in Figure I - the first polariser defining the

input polarisation; the electro-optic modulator and Soleil-Babinet compensator with their

principal axes aligned and at 45' to the input beam; and a final polariser orthogonal to the

input polariser (this final polariser is usually called the analyser) - gives for the output

electric field of the laser

Eout(t) = A R(45) M(t) R(45) E1n (A7)

where

E ( ) _ input electric field (A8)Ei=0

R(45)= (1 ) - rotation to modulator optical axes (A9)

M(t) (e-ik,4t)d 0(t ) - phase shift matrix (A10)

0 e-U iFID
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R(-45) I I - rotation back to oIginalaxes (All)

A 0 0 analyser (A12)0 1

The phase matrix M(t) describes the phase variations imposed upon the ordinary and

extraordinary components of the laser as it propagates through the modulator and the SBC.
The wavenumber elements ko and ke (defined bv ki=2,t/Xi, i=o, e) reflect both the time
varying signal modulation and the static birefringence of the LiTaO 3 and SBC. The distance

d is the total propagation distance of the beam through these two elements. It is useful to
define the total relative phase shift Ep via

cp(t) = c• + c(t) = (kAt) - keW(t) (A13)

where E, and r(t) represent the static and time-varving contributions. Furthermore, defining

the average phase shift as

c(t) =(k<,(t) + (A(t4)(,()+k.(t) (A14)

allows the phase matrix M(t) to be written as

!-e-i&(t)/
M(t) 0 (A15)

0 e'•")" 2

Substituting Equation (A15) into (A7) and carrying out the matrix multiplications vyelds

=)sin
2, 1

where the column vector simply indicates a polarisation state orthogonal to the original

input beam, as defined by Equation (A8). The fraction of transmitted power is

S = E=ut Eout (EA stands for the adjoint of E)E-ý Ein

= si PA

(2 (A17)

= sin 2 (E- , +

= 21[1 - cos E, cos e(t) + sin E, sin F:(t)]

2
Equation (A17) describes the generalised response of the modulator for arbitrary static
relative phase shift Es. The two contributions to E. arise from the birefringence of the LiTaO 3

(no - ne = -0.004), and from the tunable birefringence of the SBC. If the total relative phase
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_shift is 1 (Oe the LiTaO- and SBC combined form a quarter wave plate), then the tranýmittd2

intensity varies as

S =1-l + sin c(t)] (A 18)

which, for small phase variations, reduces to

S !-I I + L (t)] (A19)

where, from Equations (A6), (A 13) and for no - ne

( (r3 - r, 3 ) n 3 E•(t)d (A20)

From equation (A18), the maximum transmitted signal ocurrs when

1- 2=(r3 3 r1i3 ) n3 Eaxdx X(A21)

= E t naxd = _ - .

2(r33 rj3)n3 2

Equation (A21) defines the voltage V,, required to fully switch the modulator from zero
transmission to full transmission. The quantity Vr, is a fundamental parameter in the design

and analysis of any electro-optic modulator configuration.
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16. Abstract

In this report an ultrafast electro-optic sampling system suitable for applications such as
device characterisation is described. The aperture time of the sampler is calculated to be
about 290 fs, implying an attainable device bandwidth in excess of 300 GHz. The sampler
was characterised using a test pulse with approximately 12 GHz of frequency content, and
the results compared to those obtained from an 18 GHz digital sampling oscilloscope.
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